A paste containing CuO particles and polyethylene glycol 1000 as a reducing solvent has been applied to joining pure Cu in electronic applications, and the bondability of the joints and bonding mechanism were investigated. Based on a combination of thermogravimetric and differential thermal analysis, pressurization in the bonding process was determined to be started at temperatures near the exothermal peak of 320°C. Pressurization started at a temperature of 320°C, with the 11 MPa shear strength of the Cu-to-Cu joint being 2.4 times greater than a joint pressed at room temperature. During the bonding process, CuO particles were not directly reduced to Cu, but were instead first reduced to Cu2O nanoparticles, which were subsequently reduced to Cu nanoparticles, and an oxide film of a Cu substrate was also reduced, thus ensuring a direct connection between a sintered Cu layer and substrate. The shear strength increases with holding time. Moreover, the shear strength of a joint created with CuO paste and a holding time of 15 min (20 MPa) is in fact higher than what can be achieved using a conventional lead-rich Pb-5Sn solder, thus making it well-suited for use in electronic applications.
INTRODUCTION
One of the most serious problems faced by electronicsindustry in recent years has been the restrictions imposed in 2006 by the RoHS directive on the use of heavy metals such as lead in electrical and electronic equipment [1] . The electronics industry has energetically developed lead-free solders for bonding materials. However, these remain quite expensive, and there are as yet no alternatives for Pb-5Sn and Pb-10Sn high-temperature solders. The recent development of highly efficient SiC-based semiconductor devices suitable for high-temperature applications such as electric cars and aerospace [2] [3] [4] has also created a need for lead-free bonding materials that do not experience the same thermal degradation as existing solders [5, 6 ].
An alternative bonding process that takes advantage of the high surface energy and low sintering temperature of Ag metallo-organic nanoparticles to achieve bonding at temperatures much lower than the melting point of Ag has been proposed [7] [8] [9] [10] . Furthermore, as this process produces a bonding layer composed of bulk Ag with a high heat resistance, it is readily applicable to the bonding of electronic applications used at high temperatures. However, its widespread applicability is greatly limited by the high cost associated with producing Ag metallo-organic nanoparticles. As a lower-cost alternative, a bonding process using Ag 2 O particles has been proposed [11] [12] [13] [14] [15] . Ag 2 O particles can be reduced by a reducing solvent to generate Ag nanoparticles within the bonding area. This also offers the advantages of low temperature bonding and a high heat resistance bonding layer, but does not fully address the issue of high cost or the low electrochemical migration (ECM) tolerance of Ag.
The ECM of metal is the dissolution and movement of its ions in the presence of an electric potential. This causes dendritic structures growing between the anode and cathode, which is something that needs to be avoided in electronic applications. It has been reported that the ECM tolerance can be improved by using a composite paste made by adding Au and Pd particles to a Ag 2 O paste [16] . Moreover, a bonding process using Cu nanoparticles has been researched [17, 18] because it is known that the ECM tolerance of Cu is higher than that of Ag. However, once again these bonding materials still do not reduce the cost to a level sufficient for widespread commercial use.
A more cost-effective and ECM tolerant [19] alternative to Ag 2 O is the use of CuO particles, which once reduced to Cu nanoparticles have a greater compatibility with Cu substrates and should create a stronger bonding. Indeed, Maeda et al. have reported that a firm Cu-to-Cu bonding can be achieved using CuO nanoparticles through reduction with a H 2 atmosphere [20] , but in terms of practical application, it is desirable that such bonding is achieved in the air. In this study, Cu-to-Cu bonding using CuO paste was achieved in the air through reduction with a reducing solvent. In addition, a mechanism of the bonding process using CuO has not been clarified yet. Therefore, in order to clarify the mechanism, this study investigates the reduction behavior of CuO particles and the structure of the bonding layer.
EXPERIMENTAL PROCEDURES
The raw materials used for this study were CuO particles of approximately 1 m in diameter, and polyethylene glycol 1000 (PEG1000) as the reducing solvent. To prepare the CuO paste, the CuO particles were first milled using an alumina mortar for 10 min, then were mixed with 560 l/g of PEG1000 and stirred for 10 min. Pure Cu substrates were used as the test materials for bonding, which as shown in Figure 1 , consisted of an upper specimen 2 mm in height and 5 mm in diameter, and a lower specimen of 5 mm in height and 10 mm in diameter.
The CuO paste was applied to the lower specimen using a 50 m thick mask, and was then preheated at 120 °C for 5 min. The upper specimen was then placed on top, and the samples were heated to 400 or 450 °C at a rate of 60 °C/min in the air using an infrared heating furnace. After holding at this temperature for 515 min, the samples were cooled using forced air. At bonding process, the samples were pressed at 5 MPa. The pressurization was started at various temperatures (300-350 °C). In detail, the samples were heated to various temperatures between 300 and 350 °C without pressure, then they were pressed at 5 MPa until fully bonded. The shear strengths of the joints were measured using a strain rate of 30 mm/min, with the fractured surface and cross-section of each joint being observed by field emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM).
The thermal characteristics of the CuO paste itself were measured using a combination of thermogravimetric and differential thermal analysis (TG-DTA) at a heating rate of 60 °C/min in the air. The reduction behavior of CuO particles was also investigated by first applying it to the lower specimen using a 50 m thick mask and preheating at 120 °C for 5 min. After placing the upper specimen on top, it was heated to various temperatures between 300 and 370 °C at a rate of 60 °C/min in the air, and then air cooled. Pressurization of 5 MPa was started at 320 °C, and the fractured surface of the joint was analyzed by XRD and FE-SEM. In this experiment, an Al substrate was used in place of Cu in order to trace the reduction behavior of CuO in the bonding layer by XRD without background interference from the substrate. Figure 2 shows the TG-DTA trace of CuO paste heated at a rate of 60 °C/min in the air, in which the exothermal peak at 320 °C represents the weight loss due to the vaporization of PEG1000 and reduction of CuO. On the other hand, no significant weight loss occurs at the preheating temperature of 120 °C. It, therefore, suggests that PEG1000 hardly vaporizes and the paste is not dry when the paste is preheated. For this reason, in the bonding process, when the pressurization is started at room temperature, the paste is pushed out from the bonding region, and thus the shear strength of the joint is low.
RESULTS AND DISCUSSION Bondability
The shear strength of the joints pressed at various temperatures near the exothermal peak with bonding temperature of 400 °C is shown in Figure 3 , in which we see that a pressurized temperature of 320 °C produces maximum strength (11 MPa) that is 2.4 times as great as what can be achieved by pressing at room temperature. As this temperature appears to be the optimal value, it was used for all subsequent experimentation.
The fractures produced by shear testing were found to occur mainly in the internal Cu bonding layer (Figure 4) . This is very different to the behavior of Ag nanoparticles derived from Ag 2 O reported by Takata et al. [14] , wherein fracture mainly occurred at the Ag layer/Cu substrate interface, and thus it is considered that the generation of Cu nanoparticles may contribute to a greater the bondability between the bonding layer and Cu substrate. 
Reduction of CuO
In order to trace the reduction behavior of the CuO, the chemical compound and particle morphology of the bonding layer were investigated at various temperatures near the exothermal TG-DTA peak. In the XRD results shown in Figure 5 the height of the peak of CuO is clearly larger than that of Cu 2 O at 300 °C, but this situation is reversed once the temperature increases to 320 °C. Therefore, it is considered that the reduction of CuO to Cu 2 O occurred at 320 °C. With an increase to 350 °C, the CuO peaks disappear and Cu peaks appear. Meanwhile, at 370 °C, the The SEM images shown in Figure 6 reveal that the original shape of the CuO particles remains essentially unchanged up to a temperature of 300 °C, but fine nanoparticles start to appear at 320 °C. These nanoparticles still remain and are barely sintered at 350 °C, but become well sintered following bonding at up to 400 °C for 5 min. When these results are taken into consideration with the XRD analysis, the reduction process can be described as follows. Firstly, although some Cu 2 O is generated at temperatures below 320 °C, the CuO particles are essentially not changed. However, the CuO particles are reduced to Cu 2 O between 320 and 350 °C. At that time, Cu 2 O nanoparticles are generated from CuO. After 350 °C, Cu 2 O nanoparticles are reduced to Cu nanoparticles. Finally, sintering of these Cu nanoparticles produces a bonding layer. This contrasts with the analysis of Lee et al. [21] that Cu 2 O first starts to form in the reduction of a CuO film around 200 °C, with total conversion occurring at 300 °C and metallic Cu being formed upon annealing at 400 °C. This does, however, support the notion that CuO is first reduced to Cu 2 O before being reduced to Cu. Figure 7 shows TEM images obtained from a cross section of a joint pressed at 320 °C, then heated to 400 °C for 5 min. The voids and neck regions between particles in overview image provide clear indication that although the bonding layer is formed by sintering, it was insufficiently progressed under these conditions. The ring patterns evident in the electron diffraction pattern taken from this layer (Figure 8 ) all correspond to Cu, which suggests the CuO particles were completely reduced to create a polycrystalline Cu structure. Meanwhile, the EDX maps of oxygen ( Figure 9 ) reveal that oxygen was not concentrated at the interface; and indeed, there was no evidence of an oxide film at the interface in the magnified TEM image in Figure 7 either. It would therefore appear that the natural oxide film of the Cu substrate is also reduced during the reduction process, thus ensuring a direct connection between the bonding layer and substrate.
Bonding Interface Structure
From the results obtained, the mechanism of bonding process using CuO paste is considered to start with the exothermal reduction of CuO to Cu 2 O nanoparticles at 320 °C. These Cu 2 O nanoparticles remain barely sintered up to a temperature of 350 °C, which is believed to be due to the presence of residual solvent. However, once the temperature is increased above 350 °C, the Cu 2 O nanoparticles are reduced to Cu nanoparticles and the natural oxide film on the Cu substrate is also reduced. As the reducing solvent is effectively gone at this point, the Cu nanoparticles create a sintered bonding layer that is directly attached to the Cu substrate.
Improvement of Joint Strength
Since the TEM observation in Figure 7 indicated there was insufficient sintering of the bonding layer, the bonding temperature or holding time was increased in a bid to improve the quality of the joint. Figure 10 shows the shear strength of the joints with bonding temperatures of 400 and 450 °C. The joint heated to 450 °C (14 MPa) is higher than that heated to 400 °C. The increment of bonding temperature is found to improve the joint strength. Figure 11 shows the shear strength that was obtained with holding times of 5, 10 and 15 min at bonding temperature of 400 °C, which clearly shows that the shear strength increases with holding time. The shear strength obtained with a holding time of 15 min (20 MPa) proved to be higher than that of the Pb-5Sn solder that is widely used for bonding in many electronic applications. From the results, the increase of holding time from 5 to 15 min is more effective in improvement of strength compared with raising bonding temperature from 400 to 450 °C. Since further increase of bonding temperature is undesirable in terms of damage to bonded materials, a longer holding time at 400 °C which is higher than the temperature that CuO is completely reduced to Cu is effective to obtain strong joint.
CONCLUSIONS
(1) The optimal temperature to commence pressurization of bonding process using CuO paste was determined to be 320 °C, and resulted in joint shear strength 2.4 times as great as if pressed at room temperature. Additionally, the generation of Cu nanoparticles contributes to the improved bondability of the bonding layer/Cu substrate interface.
(2) Reduction of the CuO paste begins with the formation of Cu 2 O nanoparticles, which are then further reduced to Cu nanoparticles that sinter to create a bonding layer. As the natural oxide film of a Cu substrate is also reduced, this helps ensure a direct bonding.
(3) The shear strength of joint produced by the reduction of CuO paste increases with bonding temperature or holding time, achieving a maximum value of 20 MPa at holding time of 15 min that is higher than Pb-5Sn solder joints commonly used in for bonding in electronic applications.
